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An introduction to and overview of the contents of this Special Issue are given. 32 classes of
superconducting materials are discussed, grouped under the three categories “conventional”, “pos-
sibly unconventional” and “unconventional” according to the mechanism believed to give rise to
superconductivity.
PACS numbers:
I. INTRODUCTION
In this Special Issue we aim to give a comprehensive
overview of the superconducting materials known to date.
Superconducting materials were grouped into 32 different
classes, and we invited recognized experimental leaders
in each class, including in many cases individuals who
discovered a new class of superconductors, to contribute
an article giving an overview of the properties of that
class. We were fortunate to get an excellent response.
By a “class” we mean a set of materials with com-
mon or closely related crystal structure, composition and
physical properties, and hence presumably the members
of a class exhibit superconductivity driven by the same
physical mechanism. There is at present no general un-
derstanding of the mechanism(s) giving rise to supercon-
ductivity in many of these classes. The purpose of this
Special Issue is to put together in one place essential
information on the multiple different classes of supercon-
ductors, to facilitate comparison of the commonalities
and differences in the physical properties of the different
classes that may be playing a role in the superconductiv-
ity.
It is not uncommon that superconductivity researchers
concentrate their efforts on one or at most a small num-
ber of classes of superconductors, and are unaware of
relationships that may exist with other classes. We hope
that this compendium will facilitate making connections
between the different classes of superconductors, thus
helping researchers identify which properties are linked
to superconductivity of a given class and which are not.
We hope that this will contribute to the ultimate goal
of understanding what are the mechanisms of supercon-
ductivity that explain all the types of superconductors
found in nature, and as a consequence aid in the search
for new superconducting materials with desirable prop-
erties, particularly higher Tc’s.
The classes have been grouped into three categories:
“conventional superconductors”, “possibly unconven-
tional superconductors” and “unconventional supercon-
ductors”. For materials in the first category, there
is broad consensus that they are described by conven-
tional BCS-Eliashberg-Migdal theory of superconductiv-
ity, driven by the electron-phonon interaction. For mate-
rials in the third category, there is broad consensus that
they are not described by the conventional theory, either
because Tc is too high or because some physical proper-
ties point to a different mechanism. However, there is no
consensus on which new mechanism(s) explain the vari-
ous different classes of unconventional superconductors.
For materials in the second category, the evidence in fa-
vor of the conventional mechanism is mixed. We asked
the authors themselves to tell us in which of these three
categories they felt that their paper should be included
and in most cases followed their recommendation. In
cases where we did not receive input from the authors on
this question we followed our best judgement.
We asked the authors to address for their class various
normal and superconducting state properties, and in par-
ticular signatures of conventional or unconventional su-
perconductivity. The emphasis was to be on experimen-
tally known properties, but since many of these measure-
ments are motivated by an underlying theoretical frame-
work, authors were also asked to summarize theoretical
ideas, such as band structure calculations, and proposed
or currently accepted theoretical explanations, etc. We
also asked the authors to address commonalities and dif-
ferences of their class with other classes that they felt
may be related. Finally, we asked authors to provide
key references for each class including earlier reviews as
sources of additional information for the reader.
From the time superconductivity was discovered in
1911 until BCS theory was developed in 1957, many at-
tempts at theories of superconductivity were made [1].
The search during that period was for “the” theory of
superconductivity, since it was believed that a single
theory would explain all the many superconducting ele-
ments and compounds already known at that time. After
BCS theory was proposed, there were initially some sug-
gestions that the BCS electron-phonon induced pairing
mechanism may apply to most but not all superconduc-
tors [2, 3], as reviewed in the contribution by Geballe et
al. [4] in this volume. However, theoretical explanations
within BCS theory were found for the anomalies that
prompted these suggestions, and by the time Parks’ [5]
influential treatise on superconductivity was published
in 1969 and for about 10 years thereafter, it was gener-
ally believed that BCS-Eliashberg-electron-phonon the-
ory described all superconducting materials.
Nonetheless, some theoretical suggestions were made
2during the 60’s and early 70’s [6–8] that in some specially
designed materials non-electron-phonon pairing mecha-
nisms (“excitonic”) could give rise to superconductivity,
potentially at higher temperatures, but no clear experi-
mental evidence for such materials was found.
The situation began to change in the mid-1970’s. The
first material with a strong claim to be an “unconven-
tional superconductor” was discovered by Sleight and
coworkers in 1975 [9], BaPb1−xBixO3, with a surpris-
ingly high Tc (13K) given its low density of states. A few
years later, “heavy fermion” superconductors were dis-
covered in 1979 and organic charge transfer salts in 1980,
both showing strong evidence for a non-s-wave order pa-
rameter. These were followed by the high Tc cuprates in
1986, and many other classes of unconventional or possi-
bly unconventional superconductors in the ensuing years.
There is at this time no doubt in anybody’s mind that
the conventional BCS-Eliashberg-electron-phonon theory
of superconductivity is not applicable to all superconduc-
tors.
It should not go without mention that Bernd Matthias,
a prodigious researcher who discovered many new su-
perconducting materials in the period 1950-1980 guided
by empirical rules that he devised, had been vehemently
advocating the possibility of mechanisms other that the
electron-phonon interaction to explain the superconduc-
tivity of various materials during the 60’s and 70’s
[10, 11]. He passed away in 1980, right before the field
of unconventional superconductivity would take off, but
his legacy lives on as the reader will see in many articles
in this Special Issue.
One of Matthias’ closest collaborators during that
early period was Ted Geballe, one of the authors of this
Special Issue. Ted has contributed longer than anybody
else to the knowledge in this field over a distinguished
65 year scientific career, making numerous seminal con-
tributions to the discovery and understanding of many
superconducting materials covered in this volume. The
editors would like to dedicate this Special Issue to Ted
on the year of his 95th birthday.
In the remaining part of this introductory article we
provide a brief overview of the contents of this Special
Issue. In the Table, we list the classes of materials, the
year of discovery, the highest Tc in the class, some phys-
ical properties, and whether it is believed to be conven-
tional, possibly unconventional, or unconventional. A
timeline Figure summarizes progress to date.
II. OVERVIEW
The article following this Introduction,
“What Tc tells”[4], by Geballe, Hammond and Wu,
proposes that the value of Tc itself as well as the
response of Tc to various parameter changes such as
ionic mass, composition, pressure or structure can give
valuable clues on the superconductivity mechanism. It
discusses selected examples of this idea for both con-
ventional and unconventional materials and in so doing
gives a nice overview of the historical development of the
field of superconducting materials. The authors also dis-
cuss negative U centers as a possible non-conventional
pairing mechanism relevant to superconductivity of
certain materials.
The ensuing 32 articles cover each a different mate-
rials class, written by distinguished experimentalists in
each class. In the following we briefly discuss the 32
classes of materials with 12, 9 and 11 classes in the C
(conventional), P (possibly unconventional) and U (un-
conventional) categories, respectively. By clicking on the
class number (e.g. C1) the reader will be directed to
the Table, where clicking on the material class name will
bring the reader to the actual paper discussing that class.
In the closing section of this Special Issue, Greg Stew-
art [12], a former Ph.D. student of Ted Geballe, provides
us with some highlights of Ted’s illustrious career. Fi-
nally, we have included an Epilogue [13], where several
major experimental contributors to the field of supercon-
ducting materials have shared their views on past accom-
plishments and future hopes in this field.
Conventional superconductors
C1: The first article in this category, “Superconductivity
in the elements, alloys and simple compounds” by Webb
et al.[14], gives a review of the earliest superconducting
materials discovered, that were known when BCS theory
was proposed, and describes the extensions of BCS the-
ory to include the retarded nature of the phonon-induced
effective electron-electron interaction, necessary for the
understanding of deviations of the properties of these ma-
terials from the predictions of simple BCS theory. It also
recounts the successes and failures of theoretical efforts
to explain the observed Tc’s of elements and simple com-
pounds using this theoretical framework.
C2: The second article by Stewart [15] reviews the A15
compounds, discovered in 1954. The A15’s are distin-
guished by the fact that for over 30 years they were the
highest Tc materials known, and they were and are today
the superconductors that are used in many high magnetic
field applications. They are believed to be almost proto-
typical Eliashberg electron-phonon driven superconduc-
tors, except that phonon anomalies seem to add some
interesting wrinkles, and peaks in the electronic density
of states at the Fermi level play an important role in the
quantitative understanding of their properties. Stewart
makes a number of interesting comparisons with other
superconducting families, not the least of which is that
Cs3C60, a doped fullerene that becomes superconduct-
ing at 38 K only under pressure, actually adopts an A15
lattice structure. This also makes it a member of the
growing family of materials that are insulating at ambi-
ent pressure but superconducting under pressure.
3C3: The third article by Bustarrett [16]reviews doped
semiconductors, a class discovered in the 60’s that under-
went a revival of interest starting in the mid-90’s when
higher Tc materials were found. The carrier concentra-
tion in these materials is very low; for the most part,
they are understood within the conventional framework
(hence we included them in the first category), but the
author notes that there are some puzzles such as Tl-
doped PbTe that may require a different mechanism, as
also discussed by Geballe et al. in their article.
C4: The 31 known superconducting elements at am-
bient pressure are metals. In 1964 the first non-
superconducting element to become superconducting un-
der pressure was discovered, Te, a semiconductor at am-
bient pressure. Since then, many other semiconduct-
ing and insulating elements have been found to become
metallic and superconducting at high pressures, as re-
viewed by Shimizu [17] in the fourth article. The high-
est Tc among insulating elements under pressure is sulfur
with Tc = 17K. The superconductivity in this class is un-
derstood to arise from the conventional electron-phonon
mechanism.
C5: Superconductivity in graphite intercalation com-
pounds is reviewed in the fifth article, by Smith et al.
[18] The first material in this class was discovered in 1965.
The authors review the early history of these materials,
which have Tc’s of a few K, and the recent revival of inter-
est with the discovery of superconductivity in C6Ca and
C6Y b, with Tc’s up to 12K. They discuss the important
role of dimensionality and charge transfer, the difficulties
in understanding the different role for the superconduc-
tivity of the intercalant metal band versus the graphite π
and π∗ bands arising from C pz orbitals, and the conflict-
ing information from the large Ca isotope shift observed
in C6Ca. The authors state that the pairing mechanism
has always been an open question. Nevertheless, we in-
cluded this class in the first category because theoretical
work on these materials has focused on the conventional
mechanism.
C6: The first non-superconducting metal found to be-
come superconducting under pressure was Ce, in 1968.
Since then, many more non-superconducting metals at
ambient pressure were found to become superconductors
under high pressure, some with remarkably high Tc, as
reviewed by Hamlin [19]. Hamlin discusses the various
ways that this has been understood within the conven-
tional framework, namely, an increased s to d electron
transfer, phonon softening, or suppression of spin fluctu-
ations. He also points out a remarkable negative isotope
effect observed in Li at high pressure that may derive
either from an unconventional superconductivity mech-
anism or anharmonicity in the phonon spectra. He re-
marks that conventional theory has difficulty differen-
tiating between elements that display a high Tc at high
pressures and others with low or zero Tc under high pres-
sure.
C7: As discussed by Struzhkin [20], Eliashberg theory
predicts that phonon frequencies contributing mostly to
Tc are of order 10 × kBTc/~, thus favoring high vibra-
tional frequencies to reach high Tc’s within the conven-
tional mechanism. Hydrogen-rich materials are expected
to have the highest vibrational frequencies and hence
have been investigated extensively. Struzhkin reviews
the early work on metal hydrides commencing in 1970
and the finding of a negative hydrogen isotope effect,
that first raised doubts on the validity of the electron-
phonon mechanism for superconductivity in these mate-
rials, and then was understood as arising from anhar-
monicity of hydrogen vibrations. He then reviews the
more recent intensive efforts searching for superconduc-
tivity in hydrogen-rich materials under high pressures,
the reported finding of Tc ∼ 20K in compressed SiH4,
the recent indications of Tc ∼ 190K in compressed SH2,
and the theoretical predictions of high Tc in compressed
polyhydrides of alkali and alkaline earth metals, in par-
ticular Tc as high as 235K predicted for CaH6.
C8: Intercalated and pristine layered transition metal
dichalcogenides are quasi-2-dimensional materials that
often exhibit competing charge-density-wave instabili-
ties. Klemm [21] reviews this class of materials and
points out that many of their properties are strikingly
similar to properties seen in the cuprates and iron pnic-
tides, such as pseudo gap behavior and incoherent c-axis
transport, and in that sense should be regarded as ‘un-
conventional’. However, since there has been no sugges-
tion that the pairing mechanism is anything other than
the electron-phonon interaction, we have included this
class among the conventional superconductors. These
materials show no traces of magnetism.
C9: Pen˜a [22] discusses Chevrel phases, a rich class of
materials discovered in 1971 with Tc’s up to 15K and very
large upper critical fields. Some of these compounds con-
taining rare earth elements exhibit coexistence of super-
conductivity and magnetic order and an exchange field
compensation effect leading to magnetic field-induced
superconductivity (Jaccarino-Peter effect). The author
classifies these superconductors as “exotic” given that
the ratio Tc/TF (TF=Fermi energy) falls between 1/100
and 1/1000, in contrast to more conventional materials
where Tc/TF < 1/1000. Even though there have been a
few suggestions of unconventional order parameter sym-
metry and mechanism, by and large they are regarded as
conventional. Hence we have included them in the first
category.
C10: The interplay between superconductivity and mag-
netism in conventional superconductors is reviewed by
Wolowiec et al. [23]. The authors describe some of the
extraordinary phenomena that are found in conventional
superconductors containing ions with partially-filled d-
4TABLE I: Classes of superconducting materials. C (conventional), P (possibly unconventional) and U (unconventional). The
entries in the ‘Material class’ column link to the paper on each class. The ‘Year’ indicates which year the first material in the
class was discovered. The ‘Max Tc’ refers to ambient pressure except for C4 and C6. For ‘mag?’, y/n indicates whether or not
there are magnetic phases nearby in the phase diagram. ‘dim’=dimensionality of the structural part of the material believed to
drive superconductivity. ‘symm’=symmetry of the order parameter. Typical values of coherence length ξ, penetration depth
λL and gap ratio are given. dTc/dP indicates the sign of the change of Tc with pressure for most materials in the class.
Material class Year Max Tc T
max
c ξ λL 2∆/ dTc/ mag? dim symm Cate-
material (K) (A˚) (A˚) kBTc dP gory
C1 Elements, 1911 Nb 9.5 380 390 3.80 +/- n 3 s conv
alloys and simple compounds 1912 NbN 17 50 2000 4.1 +/- n 3 s conv
C2 A15’s 1954 Nb3Ge 23.2 55 1000 4.2 + n 3 s conv
C3 Doped semiconductors 1964 CBx 10 950 720 3.5 - n 3 s conv
C4 Insul. elements under pressure 1964 S 17 + n 3 s conv
C5 Intercalated graphite 1965 C6Ca 11.5 380 720 3.6 + n 2 s conv
C6 Metallic elements under pressure 1968 Ca 25 +/- n 3 s conv
C7 Hydrogen-rich materials 1970 PdD 10.7 400 3.8 +/- n 3 s conv
C8 Layered t. m. dichalcogenides 1970 NbS2 7.2 100 1250 3.7 - n 2 s conv.
C9 Chevrel phases 1971 PbMo6S8 15 30 3000 4.7 +/- y 3 s conv
C10 Magnetic superconductors 1972 ErRh4B4 8.7 180 830 4 +/- y 3 s conv
C11 Thin films 1978 n 2 s conv
C12 Magnesium diboride 2001 MgB2 39 52 1400 4.5 - n 2 s conv
P1 Bismuthates 1975 Ba1−xKxBiO3 34 50 5500 4 - n 3 s poss unc
P2 Fullerenes 1991 RbCs2C60 33 30 4500 3.5-5.0 - n 0 s poss unc
P3 Borocarbides 1993 Y Pd5B3C0.3 23 100 1000 4 +/- y ,n 2 s+g? poss unc
P4 Plutonium compounds 2002 PuCoGa5 18.5 16 2400 5-8 +/- y 2 d poss unc
P5 Interface superconductivity 2007 LaAlO3/SrTiO3 .35 600 y 2 poss unc
P6 Aromatic hydrocarbons 2010 K-doped DBP 33 180 770 +/- n 3 poss unc
P7 Doped top. ins. 2010 Cux(PbSe)5(Bi2Se3)6 3 110 13000 n 2 poss unc
P8 BiS2−based materials 2012 Y bO0.5F0.5BiS2 5.4 53 5000 7.2 +/- n 2 s poss unc
P9 Unstable/elusive sc 1946 C − S 300? n 2 poss unc
U1 Heavy fermions 1979 UPd2Al3 2 50 4000 +/- y 3 d, p unconv
U2 Organic charge-transfer 1980 (BEDT − TTF )2X 13.4 100 5000 4.4 - y 1, 2 d unconv
U3 Cuprates hole-doped 1986 HgBa2Ca2Cu3O9 134 20 1200 4.3 + y 2 d unconv
U4 Cuprates e-doped 1989 Sr0.9LaxCuO2 40 50 2500 3.5 - y 2 d unconv
U5 Strontium ruthenate 1994 Sr2RuO4 1.5 660 1500 - y 2 p unconv
U6 Layered nitrides 1996 Ca(THF )HfNCl 26 60 4700 2.9-10 - n 2 d+ id unconv
U7 Ferromagnetic sc 2000 UGe2 0.8 100 ∼ 10
4 +/- y 3 p unconv
U8 Cobalt oxyde hydrate 2003 Nax(H3O)zCoO2 · yH20 4.7 100 7000 4.3-4.6 - y 2 ? unconv
U9 Non-centro-symmetric 2004 SrPtSi3 2 60 8000 y 3 s/p unconv
U10 Iron pnictides 2008 SmFeAsO0.85 55 10-50 2000 7.5 +/- y 2 s± unconv
U11 Iron chalcogenides 2008 NaxFe2Se2 46 20 2000 3.8 + y 2 s unconv
or f-electron shells that carry magnetic moments in both
paramagnetic and magnetically-ordered states. Two gen-
eral cases are considered, one in which the ions that carry
the magnetic moments are dissolved in a superconduct-
ing host as impurities, and another in which they occupy
an ordered sublattice in a superconducting compound.
In both cases, the conventional superconductivity is as-
sociated with two sets of electrons, an itinerate set of
electrons that are involved in the superconductivity and
a localized set of d- or f-electrons that carry magnetic mo-
ments, that interact with one another via the exchange
interaction. Some remarkable phenomena are observed
such as reentrant superconductivity due to the Kondo ef-
fect or ferromagnetic order, coexistence of superconduc-
tivity and antiferromagnetic order, and magnetic field-
induced superconductivity, etc. This case also serves as
a background for phenomena encountered in materials in
which the superconductivity and magnetism involve the
same set of electrons, such as heavy fermion, cuprate, and
iron pnictide and chalcogenide superconductors, where
the unconventional superconductivity is often found in
a “dome-shaped” region near the solute composition or
pressure where an antiferromagnetic transition is sup-
pressed towards 0 K.
C11: Superconductivity in thin films has been a focus
of study across different classes of materials that are su-
perconducting. Thin films have been useful for applica-
tions; in addition, their study allows us to understand the
effects of dimensionality on the superconducting phase
transition. Lin, Nelson and Goldman [24] focus on the
superconducting insulator transition as a paradigm for a
5quantum phase transition, particularly as the two dimen-
sional limit is approached.
C12: The final class in this category contains a single
compound, MgB2, discovered in 2001 by Akimitsu and
coworkers, with Tc = 39K, which is remarkably high for
a simple binary compound with only s- and p-electrons.
For this reason, initially various alternative explanations
of its superconductivity were proposed. Bud’ko and Can-
field [25] provide a comprehensive overview of various
properties of this compound, from synthesis to basic
transport and thermodynamic properties to mechanism.
They present the prevailing view that MgB2 is a con-
ventional electron-phonon driven superconductor, albeit
with two well-defined superconducting bands and two
gaps. This view is supported by observation of a par-
tial isotope effect and by the agreement of conventional
Eliashberg calculations with the measured Tc. Bud’ko
and Canfield also note that, while the discovery ofMgB2
has not been followed by a family of related superconduc-
tors, a considerable effort has been made to develop this
material for MRI magnets and other applications.
Conventional or unconventional superconductors?
In the second category, “possibly unconventional su-
perconductors” (P), we have grouped materials that for
one reason or another show indications that their pairing
mechanism may not be the electron-phonon interaction
that drives superconductivity according to the conven-
tional theory of superconductivity.
P1: When BaPb1−xBixO3 was discovered in 1975 [9]
it was pointed out that its Tc was exceptionally high
for an oxide and higher than that of any superconduc-
tor not containing a transition metal known at that
time. Sleight [26] discusses this class of materials, the
bismuthates, emphasizing their chemistry. These low-
carrier-concentration oxides are often said to be precur-
sors to the high Tc cuprates, having a perovskite struc-
ture with BiO2 instead of CuO2. Unlike the cuprates
they are three-dimensional materials and display no
magnetism; instead, like the transition metal dichalco-
genides (C8), they often exhibit charge-density waves.
BaPb1−xBixO3 has Tc = 13K, while the highest Tc in
this class is a remarkable 34K for Ba1−xKxBiO3. Sleight
emphasizes the tendency of the Bi ion to disproportion-
ation (Bi4+ → Bi3+ + Bi5+) and the resulting possible
negative U mechanism, also discussed in the article by
Geballe et al., leading to what is often called ‘bipola-
ronic’ superconductivity. Many proposed explanations
of the superconductivity in these materials have involved
non-conventional mechanisms, while others use the con-
ventional BCS-Eliashberg electron-phonon theory.
P2: The remarkable discovery of the C60 molecule was
followed only a few years later by the discovery of su-
perconductivity in alkali-doped C60 with critical temper-
atures as high as 33K. This and BaKBiO would have
set records for high Tc, had the cuprates not been dis-
covered a few years earlier. Ramirez [27] provides a sum-
mary of experimental results that all seem to indicate a
somewhat conventional electron-phonon mechanism for
the superconductivity, although he notes that some open
questions remain, particularly in the context of insulat-
ing phases, with evenly-doped compounds bracketing the
oddly-doped superconducting compounds.
P3: Quaternary borocarbides, Y Ni2B2C, being the pro-
totypical one, are reviewed by Mazumdar and Nagarajan
[28]. There are about 60 variations, by substitution of Ni
by Pd,Cu,Co or Pt and Y by various rare earths, 25 of
which are superconducting, with the highest Tc ∼ 23K.
They exhibit a rich variety of phenomena including va-
lence fluctuations, heavy fermion behavior, and coexis-
tence of superconductivity and magnetic order. There
are indications of unconventional superconductivity, such
as an anisotropic gap, as well as evidence of conventional
superconductivity, such as a B isotope effect, and it is re-
garded as an open question whether these materials are
unconventional or conventional superconductors.
P4: Plutonium based compounds, a 4-member class of
which PuCoGa5 has the highest Tc = 18.5K, are re-
viewed by Sarrao et al. [29], who suggest that they are
a bridge between heavy fermion superconductors (with
much lower Tc’s) and high Tc cuprates. They are related
to Ce− and U− based heavy fermion superconductors;
e.g., PuCoGa5 can be viewed as layers of PuGa3 and
CoGa2, similarly to CeMIn5 that can be regarded as
layers of CeIn3 and MIn2. They exhibit heavy fermion
behavior, valence fluctuations, and a quasi-2D Fermi sur-
face. There is evidence for a d−wave gap from point-
contact tunneling and power-law behavior in spin-lattice
relaxation rate and penetration depth, as well as an ab-
sence of a Hebel-Slichter peak in NMR. While the evi-
dence for unconventional superconductivity is regarded
as non-conclusive and phonon-mediated pairing has also
been proposed, the authors suggest that unconventional
superconductivity in these materials may be due to spin-
fluctuation mediated pairing or induced by valence fluc-
tuations in a strongly correlated mixed valent normal
state. They also remark that one should not assume that
all the Pu− 115 superconductors have the same pairing
mechanism. An interesting peculiarity of these materi-
als is that the superconductivity gets degraded with time
due to radiation damage from radioactive Pu.
P5: Interface superconductivity is in some ways a nat-
ural extension of the ultra-thin film superconductivity
discussed in C11. Gariglio et al. [30] focus on the two-
dimensional superconductivity at the interface between
the two band insulators LaAlO3 and SrTiO3. The abil-
ity to exercise careful control of the properties of this in-
terface through the application of electric fields is also
6highlighted. While the superconducting Tc’s have re-
mained quite low, these systems provide a plethora of
physics, some of which is connected, for example, to the
cuprates (quasi 2D and pseudo gap behavior), while other
behavior (significant spin-orbit coupling) shows similar-
ities with the doped topological superconductor family
of materials, and may cause non-BCS behavior in the
superconducting properties of these interfaces.
P6: Superconductivity in aromatic molecules was sug-
gested a long time ago by Fritz London. In 2010, it
was finally found in alkali doped aromatic hydrocarbons,
as reviewed by Kubozono and coworkers [31], for exam-
ple, Kxpicene (five benzene rings) with Tc ∼ 18K. The
authors point out that for this class of materials, the
shielding fraction is usually very low and the highest pri-
ority research is to increase it. For Kxpicene, they sug-
gest that superconductivity may be explainable by the
conventional BCS phonon-mediated mechanism aided by
a high density of states, high frequency intramolecu-
lar phonon modes, and contribution from intermolecu-
lar phonon modes. However, superconductivity was later
found in K-doped dibenzopentacene with Tc = 33K. De-
pending on the compound, Tc decreases or increases with
pressure, the latter of which cannot be easily explained
within the BCS framework. The authors note a correla-
tion between Tc and the number of benzene rings.
P7: Sasaki and Mizushima [32] review various ideas sur-
rounding superconducting doped topological materials.
Less is known about these materials — they are primar-
ily motivated by the search for specific exotic properties,
such as so-called Majorana fermions. The authors de-
scribe a number of candidate materials that are currently
thought to be examples of superconducting doped topo-
logical materials, and they discuss a series of smoking-gun
experiments to look for topological superconductors.
P8: Superconductivity in the recently discovered class
of layered BiS2-based compounds is reviewed by Yazici
et al. [33]. These materials are interesting because the
structure of the BiS2 layers is similar to the CuO2 layers
in cuprates and FeAs layers in iron pnictides, but there is
no magnetism in many of the materials in this class. The
maximum Tc is 5.4K at ambient pressure and ∼ 10K un-
der pressure. Conventional electron-phonon pairing has
been suggested, as well as various other scenarios such
as Van Hove singularities, Fermi surface nesting and spin
fluctuations. The authors remark that there is no consen-
sus on the origin of superconductivity in these materials.
There is some evidence for two superconducting gaps, the
superfluid density is low, and the gap ratio is very high.
P9: To conclude this category, unstable and elusive su-
perconductors are reviewed by Kopelevich et al. [34].
These materials show signals of superconductivity, some-
times at very high temperatures, but bulk superconduc-
tivity has not been conclusively established. The authors
review early (1978) results on CuCl showing diamag-
netic signals below 170K together with a drop in resis-
tivity, with these phenomena occurring up to T ∼ 240K
in films. More recently (1999), there have been indica-
tions of superconductivity around 90K inK-dopedWO3,
and recent indications of transient superconductivity in
sulfur-doped graphite or amorphous carbon at various
high temperatures, including room temperature. The ori-
gin of these phenomena is unknown, so we have grouped
this class in the possibly unconventional category.
Unconventional superconductors
For the materials in this category (U) there is a con-
sensus that the superconductivity does not originate in
the conventional BCS-Eliashberg electron-phonon mech-
anism.
U1: The first superconductors clearly identified as un-
conventional were heavy fermion superconductors such
as CeCu2Si2 (the first in this class, discovered in 1979),
UBe13, UPt3 and URu2Si2. These materials, reviewed
by White et al. [35], have enormous densities of states
and effective masses for the conduction electrons, en-
hanced by a factor as high as ∼ 1000 with respect to
that of a conventional metal. White et al. point out that
these materials cannot be conventional superconductors
because the ordering of energy scales, TF < θD, with
TF the effective Fermi temperature for the heavy quasi-
particles and θD the Debye temperature, is opposite of
that of conventional superconductors where θD << TF .
The large specific heat jump at Tc shows that Cooper
pairs are formed from heavy quasiparticles and the gap
∆(~k) exhibits line or point nodes at the Fermi surface,
unlike a conventional s-wave gap. The heavy fermion
behavior and superconductivity exhibited by these ma-
terials usually involve f -electrons from Ce, U , Y b, Pr,
etc (although there are some recent reports of d-electron
heavy fermion systems), electron bands are very narrow,
and the electrons are strongly correlated. Many heavy
fermion compounds have complex temperature versus so-
lute composition or pressure phase diagrams in which su-
perconductivity appears in the proximity of, and some-
times coexists with, antiferromagnetic order. The super-
conducting Tc’s, however, are disappointingly low, in the
range of 1K, except for the small subclass of Pu materi-
als treated here as a separate class and covered by Sarrao
et al. as discussed earlier (P4).
U2: Superconducting organic charge transfer com-
pounds were discovered in 1980, culminating a
long search for ‘excitonic’ superconductivity in low-
dimensional organic materials, as reviewed by Brown
[36]. Organic molecules stack in quasi-1D or quasi-2D
arrangements, and there are competing charge and spin
density wave phases nearby. Correlations play a signif-
icant role, and it has been proposed that either charge
7fluctuations or antiferromagnetic spin fluctuations medi-
ate the pairing, mostly the latter. The NMR relaxation
rate shows no Hebel-Slichter peak, and power law be-
havior for various properties at low temperatures is seen,
similar to the cuprates. From this and other evidence
it is inferred that the gap function has nodal structure,
consistent with d−wave symmetry. The highest Tc is
∼ 13K.
U3: As Chu and coauthors [37] remark, hole-doped
cuprates, discovered by Bednorz and Muller in 1986,
“have ushered in the modern era of high temperature
superconductivity”. This vast class of layered copper ox-
ide compounds with perovskite-like structures comprises
more than 200 superconductors belonging to 7 families,
as surveyed by Chu et al., with Tc’s up to 134K at ambi-
ent pressure, and is the only class of materials with con-
firmed critical temperatures above liquid nitrogen tem-
perature (77K). The essential structural feature of these
materials is the CuO2 planar lattice. Superconductivity
occurs over a limited range of hole-doping a parent an-
tiferromagnetic insulator, with a “dome-shaped” curve
of Tc versus carrier concentration. The most anomalous
types of behavior are found in the underdoped region.
Many workers have focused on understanding the anoma-
lous normal state properties of these materials such as
the linear temperature dependence of the resistivity and
pseudogap behavior. Non-conventional behavior in the
superconducting state includes a large positive pressure
dependence of Tc, absence of an isotope effect in the opti-
mally doped and overdoped regimes, power-law low tem-
perature behavior of various quantities, and nodal struc-
ture of the gap inferred from photoemission and phase
sensitive experiments. The superconducting gap is be-
lieved to have d-wave symmetry and most workers believe
pairing is induced by spin fluctuations.
U4: Fournier [38] reviews the younger ’siblings’ of the
hole-doped cuprates, i.e. the electron-doped cuprates.
This family also has CuO2 planes, but, unlike the hole-
doped materials, there are no apical oxygen atoms. The
author emphasizes that two structures give rise to this
distinct characteristic, the T ′ and the infinite layer phase.
The latter subgroup has family members with Tc as
high as 40 K. Common elements to both hole-doped and
electron-doped cuprates are that Tc also has a dome-
shaped dependence as a function of carrier concentration,
normal state properties are anomalous, and the symme-
try of the order parameter is likely d-wave, although the
author notes that this last point remains controversial.
The author also remarks that transport and photoemis-
sion data indicate that both electrons and hole carriers
contribute to the transport in these materials.
U5: Sr2RuO4, first synthesized in 1959 and found to be
superconducting in 1994, has a layered perovskite crys-
talline structure like the high Tc cuprates; however, its
Tc is only 1.5 K. Liu and Mao [39] provide an overview
of superconducting properties; in particular they note
the key experiments that indicate a superconducting or-
der parameter with p-wave symmetry, and other features
in common with superfluid 3He. This material also has
the intriguing property of having superconductivity sup-
pressed by hydrostatic pressure but enhanced by uniaxial
pressure along the c-axis. The mechanism for supercon-
ductivity remains unknown in this material.
U6: Layered nitrides, discovered in 1996, are reviewed
by Kasahara and coworkers [40]. These insulating com-
pounds have layers of nitrogen and a metal (T i, Zr, Hf)
separated by halogen (Cl, Br, I) layers. Upon interca-
lation with alkali or alkaline earth atoms, they become
metallic and superconducting at a critical doping, and
Tc decreases upon further doping. The gap is isotropic
for low doping and becomes anisotropic for higher dop-
ing level, the gap ratio decreases with doping, and the
gap goes from isotropic to anisotropic. There is no evi-
dence for nodes in the gap. The density of states is very
low and the electron phonon interaction is not strong
enough to account for the observed Tc’s. In addition,
the electron-phonon interaction strength (measured by
Raman) and the density of states increases with doping,
yet Tc decreases. These findings and the facts that the
N isotope coefficient is vanishingly small and there is no
Hebel-Slichter peak, indicate that the electron-phonon
interaction is not responsible for the superconductivity.
Pairing mechanisms that have been suggested for these
materials include acoustic plasmons and charge or spin-
fluctuation mediated pairing, and the gap symmetry is
suggested to be d + id. In contrast to other layered su-
perconductors, the parent compounds are band insula-
tors with no magnetic nor charge-density-wave order.
U7: A material that is both ferromagnetic and supercon-
ducting was first discovered in 2000, and now a handful
are known to exist albeit at low (< 1K) temperatures.
They remain of special interest for a variety of reasons —
these two phases shouldn’t coexist in the first place, their
coexistence could be exploited for spintronic-type appli-
cations, and their critical magnetic fields are extraordi-
narily high. Huxley [41] gives a brief summary of their
known properties. In the original superconducting ma-
terial (UGe2), pressure is required for superconductivity
to occur, but, as reviewed here, other materials in this
family are superconducting at ambient pressure.
U8: Sakurai et al. [42] provide an update on the more re-
cently discovered cobalt oxide hydrates, the only known
Co oxide superconductor, with Tc = 4.7 K. These mate-
rials are two-dimensional, but separate themselves from
other examples because of their triangular lattice struc-
ture. The superconducting gap function has a line-nodal
structure. They are strongly type-II, but significant con-
troversy remains concerning other superconducting prop-
erties, including the symmetry of the order parameter. A
concise summary of some of the contradictory measure-
8ments is provided in this review.
U9: Kneidinger et al. [43] present a review of super-
conductivity in non-centrosymmetric materials. They re-
mark how many of the measured properties are consis-
tent with BCS theory, although this does not necessarily
imply the traditional electron-phonon mechanism, and
some of the materials also display non-BCS characteris-
tics indicating unconventional superconductivity presum-
ably arising from strong electronic correlations. They
also note that this material family may ultimately be
the source of materials for the topological superconduc-
tor class. A number of properties for various compounds
in this class are presented, with references for more com-
prehensive lists and discussions.
U10: In the class of iron pnictide superconductors dis-
covered in 2008 and reviewed by Hosono and Kuroki [44],
superconductivity results from doping a parent antiferro-
magnetic metal or Pauli paramagnetic metal with either
electrons or holes. There are 7 types of parent materials
each with a somewhat different structure, all containing
FeAs layers separated by spacer layers where dopants
are introduced. The authors note that the same ma-
terials with either Co, Zn, Cr or Mn instead of Fe do
not give rise to superconductors, while Ni gives rise to
superconductors with much lower Tc, and hence that Fe
must play a central role in the superconductivity of these
materials which reaches a high Tc of 55K. Superconduc-
tivity emerges when antiferromagnetism disappears by
carrier doping. Electron-phonon interactions cannot ac-
count for the high Tc’s observed, hence both spin and or-
bital fluctuation mediated pairing mechanisms have been
discussed. An s± state has been proposed for those ma-
terials that have both electron and hole Fermi surfaces,
with the gap being of opposite sign in electron and hole
parts, induced by spin fluctuations, and alternatively a
s++ gap with the same sign on the entire Fermi surface
where pairing is induced by orbital fluctuations.
U11: Closely related to the Fe-pnictide superconduc-
tors are the Fe-chalcogenides, of which FeSe has the sim-
plest crystal structure. Chang et al. [45] describe a vari-
ety of novel synthesis methods to prepare nanomaterials
and thin films of these compounds. When intercalated
with alkali metals, or in thin film form including down
to a monolayer, or under pressure, these materials attain
remarkably high Tc’s above 30K. ARPES experiments
show evidence for a nodeless isotropic gap and only elec-
tron pockets, hence the s + /− scenario proposed for
some iron pnictides does not apply. The authors men-
tion electronic nematicity, orbital and spin fluctuation
pairing scenarios as possibly relevant to the iron based
superconductors, leaning towards the orbital scenario for
the Fe-chalcogenides.
III. CLOSING REMARKS
The 32 classes of superconducting materials surveyed
above and covered in detail in the articles in this Special
Issue present a complicated and confusing picture. They
exhibit a rich variety of other phenomena besides their
superconductivity. Presumably, some of these phenom-
ena are intimately related to the superconductivity while
others are “red herrings” that are associated with the
other underlying interactions and excitations in the ma-
terial but not directly related to the superconductivity.
We don’t know which are which. Similarly, the super-
conductivity in the different classes has some features in
common and others that appear different, but it is not
always easy to know whether the differences are extrinsic
or intrinsic.
In thinking about which material class may spawn the
next higher temperature superconductor or even a room-
temperature superconductor, we realized we have omit-
ted some potential candidates. One is “transient super-
conductors”: there has been some recent evidence that
when hit with an infrared light pulse, some cuprates can
develop pairing correlations and perhaps superconduc-
tivity at room temperature, lasting for a few picoseconds
[46]. If so, for these materials the challenge will not be to
raise the Tc but to raise the lifetime (i.e., stabilize the su-
perconductivity). Layer-by-layer deposition of thin films
by molecular beam epitaxy [47] potentially could be a
route to new superconducting materials that do not form
by conventional methods. Also high pressure synthesis
methods [48] could lead to new classes of high Tc super-
conductors. These would be ways to implement one of
Matthias’ recipes towards high Tc materials [49]: “From
now on, I shall look for systems that should exist, but
won’t − unless one can persuade them”. Finally, while
the high pressure frontier is amply covered in the articles
by Hamlin, Shimizu, Struzhkin and other articles in this
Special Issue, there is no article specifically covering in-
sulating compounds that become superconducting under
pressure such as CsI[50], C6I6 [51], C6I4O2 [52]. Given
the many surprises already found in superconductivity
under pressure, the first room-temperature superconduc-
tor could well emerge from a simple insulating compound
under ultrahigh pressure, not necessarily containing hy-
drogen which is where the focus of interest has been in
this respect [53].
Fig. 1 shows the highest critical temperature (at am-
bient pressure) within each class of materials covered in
this Special Issue versus the year when the class was dis-
covered. It is clear from the figure that there is little
correlation between the magnitude of Tc and whether
the material is conventional, unconventional or possibly
unconventional.
How many different types of superconducting states
exist in nature? How many different types of pairing
mechanisms are realized in materials? Does a pairing
mechanism uniquely define a resulting superconducting
state? Does a single pairing mechanism act in each ma-
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FIG. 1: Highest critical temperature of the different classes
of superconducting materials at ambient pressure (except
for Ca(P ), S(P )), vs year that the class was discovered,
not the year the highest Tc material in the class was
found (except for Nb, NbN). NbN=simple compounds,
heavyf=heavy fermions, brcrb=borocarbides, nitr=layered
nitrides, NbS2=intercalated transition metal dichalco-
genides, Chev=Chevrel phases, BKBO=bismuthates,
SrRu=Strontium Ruthenate, C6Ca=intercalated graphite,
C6H6=aromatic hydrocarbons, CoH2O=cobalt ox-
ide hydrides, UGe2=ferromagnetic superconductors,
PdH=hydrogen-rich materials, PuCoGa5=plutonium
compounds, Ca(P)=metallic elements under pressure,
S(P)=insulating elements under pressure, e-cupr=electron-
doped cuprates, h-cuprate= hole-doped cuprates.
terial or can more than one pairing mechanism coexist in
a material? In the latter case, do different pairing mech-
anisms enhance one another, or compete with one an-
other, or contribute independently to raising Tc? These
are some of the many unanswered questions.
There are two natural straight lines one can draw in
Fig. 1. The first one connects Hg in 1911 to the hole-
doped cuprates in 1986, the second connects Hg to the
iron pnictides (FeAs) in 2008, leaving cuprates out as an
anomaly. The conservative second line predicts that we
will see room temperature superconductors in the year
2464, the first line predicts that this will happen in the
year 2082. Neither is good enough. We need exponential
rather than linear growth in Tc. For that, the empirical-
serendipitous approach that has brought us from Hg in
1911 to where we are in 2015 needs to be supplemented
with demonstrably effective theoretical guidelines to fur-
ther focus the search and reduce the amount of phase
space being explored. Such guidelines are currently lack-
ing, and it can be plausibly argued that currently re-
searchers can’t see the “forest for the trees”. We hope
that this Special Issue, by juxtaposing the specifics of
each class of superconducting materials against the back-
drop of all the other classes, will help to improve this
situation. We are very grateful to all the authors that
contributed excellent articles to this Special Issue to help
achieve this goal.
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